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Introduction
Lithium-ion (Li-ion) batteries provide an attractive alternative to other battery chemistries in part due to high energy storage density, power delivery density and competitive cost. This has resulted in Li-ion batteries being the preferred solution in electric vehicle (EV) applications.
In order to exploit the advantage of Li-ion batteries' high energy and power density, in the design and assembly of battery packs for EVs, cells are compactly packaged. Pouch-format cells undergo expansion during cycling by 6 % from rest conditions in the direction normal to the electrode stack [1] . Rigid constraints are applied to the battery pack to maintain packaging compactness, maintain contact between battery components, provide good thermal contact and prevent delamination and deformation during battery operation. A coupling of compact packaging and rigid constraints of Li-ion batteries, at pack level, gives rise to safety issues due to potential overheating of the battery system [2] . The majority of the literature to-date has thus been devoted to understanding the thermal implications of such compact packaging arrangements.
It is well known that under automotive power-draw conditions at ambient operating temperatures, the temperature rise within most Li-ion cells can be significant [3] . Defects in individual cells [4] can further compound the problem by increasing local heat generation [5] .
This may lead to thermal runaway of some cells and subsequently the propagation of excessive temperature throughout a module or pack [6] . Much of the literature has therefore focused on 3D thermal modelling of battery packs [2, [7] [8] [9] [10] and designing thermal management systems gradients in the solid phase, which is linked to particle fracturing and hence capacity and power fade through the isolation of electrode material, and contact loss, respectively [18, 19] .
The evolution of compressive pressure due to volume expansion at the macroscopic (i.e., cell level) scale was experimentally quantified by Wang et. al. [20, 21] . They reported, performance degradation due to volume expansion, primarily due to structural change of cathode materials.
The impact of compressive pressure loads on cell capacity degradation was studied by Cannarella et. al. [22] and Peabody et. al. [23] . Cannarella et. al. applied 7.2, 72 and 720 psi on pouch-type lithium ion cells and reported less capacity degradation for the 7.2 psi condition compared to unconstrained condition, even after 1800 cycles. For higher pressure conditions the capacity drop was much higher than the unconstrained condition. Peabody et. al.
considered pressure of 145 psi to 4351 psi. Both these studies restricted their investigation to loss of capacity. Thus, none of these studies reported any change of impedance with pressure, which may be significant. With increased pressure i.e. compressive loads on li-ion pouch cells, resistance rise may occur due to elastic creep of the separator [24] . Also, with the exception of the 7.2 psi condition, the external compressive loads studied in Refs. [22, 23] are too high to be realised in a practical li-ion battery pack for automotive application.
Although battery ageing has received significant research focus to date, it remains as a key unknown to the original equipment manufacturers (OEM). The mechanisms and physical conditions that lead to accelerated battery degradation are not yet completely understood; the effect of external pressure on battery ageing is one such accelerating factor that is still not understood. The aim of this paper is therefore to measure and quantify any accelerated ageing effects on lithium ion cell performance due to cycling for extended periods under constant pressure, representative of commercial battery packs. The effect of external pressure on impedance rise and capacity drop with cycling is investigated. The experimental setup and procedure adopted in this paper is introduced in Section 2. After presenting the results due to applying pressure and cycling, a discussion of the results is outlined in Section 3. Finally, the key findings are summarised in Section 4.
Experimental procedure
Commercially available 15Ah Li-ion pouch cells with graphite (C6) negative electrode and LiNiMnCoO2 (NMC) positive electrode were used for this experiment. The cells had a maximum charge voltage of 4.2 V with a minimum discharge voltage of 2.5 V. The manufacturer's recommended maximum 10s current was 7C for both charge and discharge.
The dimension of the cell is 18.6 × 16.5 × 5. 6 . The cells were characterised and cycled with three different externally applied pressures, namely, 0 psi, 5 psi and 15 psi. These pressures were selected in accordance with the estimated pressure within an automotive battery pack. Two cells were tested at each pressure condition and the temperature was kept constant at 25 °C using a temperature chamber.
To emulate the pressure in an assembled automotive pack, 5 psi and 15 psi external pressure were applied to each cell. To achieve a homogenous pressure distribution, cells were Therefore, any imperfection of pressure on the cell surface were measured and corrected using the M8 bolts on the iron plates; this excluded the dynamic high pressure peaks generated during charge-discharge of the battery. The tabs of the pouch cells were clamped in between a nonconductive polymer surface and gold plated brass blocks with a torque wrench set to 12.5 Nm torque. The battery cycler and EIS equipment were connected using brass blocks.
The whole arrangement was placed within a temperature chamber to keep the temperature constant at 25 °C. Similar experimental setups were employed in previous studies using oil based diaphragms [25] , metal plates with fixed pressure [22] and by a specialist instrument [23] to apply external pressures on pouch cells and study their performance. Hence, the abovementioned setup is very much in-line with the existing methods of applying external pressure on the cell. To determine the 1C capacity, the cells were fully recharged at constant current of 1C up to 4.2 V and then held at 4.2V until the current fell below 0.5 A, using a commercial cell cycler (Bitrode MCV 16-100-5). This was followed by a rest period of 3 h prior to being fully discharged at the 1C rate to the cut-off voltage of 2.5 V. Pulse power tests were performed at 90 %, 50 % and 20 % SoC, using 10 s current pulses of 20 %, 40 %, 60 %, 80 % and 100 % of the cell's rated maximum pulse discharge and charge current. Each pulse at a given current level was followed by a 30 min rest period prior to performing the next pulse. The internal resistance was then calculated from the cell voltage drop due to pulse current.
Electrochemical Impedance Spectroscopy (EIS) measurements were performed after pulse power testing was complete using a Solartron model 2100 fitted with a 2 A booster in galvanostatic mode using ModuLab ® XM ECS software. The EIS spectra collected were in the frequency range of 20 mHz to 20 kHz, with 10 frequency points per decade. The applied amplitude (RMS value) of the signal was set 800 mA, with no DC current being superimposed on the RMS current. The EIS data were recorded 3 h after the last pulse of the pulse power test [26, 27] .
Following the first snapshot test, the compressive pressure was applied and another snapshot test was performed to record any change of cell performance due to the compressive pressure.
The load pressure was subsequently adjusted before cells were continuously cycled under the applied compressive pressure. This emulated the operation of a cell -within a battery packunder constant compressive pressure. For cycling, cells were charged from 50 % SoC to 100 % SoC and brought back to 50 % SoC using 1C charge/discharge. Cycling was paused after 150, 300, 450, 600, 800, 950 and 1200 cycles to perform a snapshot test. After every snapshot test, the divergence in surface pressure as a result of ageing was recorded and the M8 bolts were adjusted accordingly so that the desired 5psi and 15psi were maintained. Snapshot and cycling was carried out at 25 ˚C. There were two end conditions set for the test procedure, either the cell capacity degraded by 30 % or 1200 cycles are completed. The 30 % degradation was set to match the end-of-life condition of the commercial automotive battery packs.
Results

Effect of applying external pressure
The pressure map generated by data acquired from the pressure sensing pads for a cell surface under compressive loads is shown in Figure 3 . This shows that pressure was evenly distributed for 15 psi. For 5 psi, the pressure was higher around the cell boundaries than in the middle.
However, there were no localized high pressure regions across either cell surfaces, which would be identified as a peak on the pressure map. This indicates a uniform surface construction and an absence of gas formation within the cell.
The cell capacity did not change when pressure was applied, however, impedance did change.
The capacity value before applying pressure was 15.22 Ah, which was found to be the same when both 5 psi pressure (15.22 Ah) and 15 psi pressure (15.21 Ah) was applied to the cells.
The impedance before and after applying pressure is shown in Figure 4 . A change of impedance was observed when pressure was applied to the cell. There was a 0.74 mΩ change of Ro when 5 psi pressure was applied. The corresponding change for 15 psi was 0.58 mΩ.
The timescale of Pure Ohmic resistance (Ro), defined to be the point at which the cell changes from inductive to conductive behaviour (i.e., interception of x-axis on the Nyquist plot), was found to be 398 Hz under atmospheric pressure. The onset of external compressive pressure however, changed this to 100 Hz for both pressure conditions. The double layer capacitance (Cdl) increased, while charge transfer resistance (Rct) decreased -together contributing to a smaller semicircle in the Nyquist plot. The low frequency, diffusion limited region (Warburg tail) remained unchanged however. These results are in agreement with current understanding [24, 28] which suggests separator creep occurs when pressure is applied. Separator creep reduces ionic conductivity from electrode to electrode, which directly contributes to Ro. In contrast, when pressure is applied, the contact between electrode particles and electrolyte improves (i.e., there is improved wettability) [29] which increases the overall effective double layer area of the cell, contributing to the increase of Cdl and decrease of Rct. However, considering that the morphology of electrode particles are not changed (no particle cracking) due to the pressure, the solid-state diffusion contributing to the Warburg tail remains the same.
Similar observations can also be made from pulse power test data. Table 1 presents the pulse power test data before and after applying pressure. Due to the limitations of the battery cycling equipment, the voltage drop can only be measured at a resolution of 0.1 secs. Therefore, the resistance measured from a 0.1 sec pulse is not pure Ohmic resistance, but will also contain contributions from charge transfer resistance. Nevertheless, resistance measured after 0.1 sec of a square wave pulse shows a significant change for both external pressure conditions. The change in resistance calculated from longer duration pulses of 1, 2, 5 and 10 secs, show no additional change. This is because although a square-wave pulse gives rise to multiple sine wave harmonics and by extension multiple physical processes/phenomena, only a particular subset of frequencies dominate. That is, in terms of the spectral density, for a 1 sec pulse the maximum power is associated with the 1 Hz harmonics and for a 10 sec pulse, it is 10 Hz.
From EIS tests, it can be deduced that the cell enters a diffusion limited Warburg impedance region after 2 Hz, i.e., at frequencies lower than the frequency corresponding to the local minimum in the Nyquist plot (Figure 4) . Therefore, pulse timescales of between 0.1 sec and 1sec and longer are in the diffusion limited region, which is not affected by pressure, thus did not shown any change in Table 1 . 
Effect of cycling ageing
The trend of capacity drop with pressure is presented in Figure 5 . The capacity drop trend was identical for all three conditions for the first 450 cycles. After 450 cycles, the cells without any external pressure exhibited higher capacity drop compared to the cells under pressure.
After 1200 cycles, the capacity fade was 11.0 % for the cells without any applied external pressure, whereas it was 8.8 % and 8.4 % for 5 psi and 15 psi external pressure conditions respectively. Cell impedance as a function of cycle number and applied pressure is shown in Figure 6 , which presents impedance spectroscopy results at 50 % SoC, when the cells were new (but under external pressure), after 600 cycle and after 1200 cycles. Nyquist plots from intermediate snapshots follow the trend shown in Figure 6 but are not presented for clarity.
From these results, it is clear that pure Ohmic resistance, Ro, increases in all cases. For cells cycled under atmospheric pressure, Ro increased by 19.6 %, in comparison to 31.7 % and 18.2 % for 5 psi and 15 psi external pressure conditions, respectively. The frequency corresponding to Ro in the Nyquist plots was found to change with cycling and pressure. When the cells were new, Ro was identified to correspond to a 100 Hz, whereas it was found to be 126 Hz, 158 Hz and 158 Hz after 1200 cycles for 0, 5 and 15 psi conditions respectively. In contrast, double layer capacitance, Cdl, and charge transfer resistance, Rct, showed stability over the cycling period, exhibiting negligible change due to cycling. This is attributed to the wettability of the active materials increasing and will be discussed further in Section 3.4. Figure 6 : Change of impedance at 50 % SoC due to cycling ageing with 600 and 1200 cycles. The resistance values calculated from 4 C discharge pulses at 50 % SoC are presented in Table   2 . The resistance calculated from the 0.1 sec pulse duration increased by 5.6 % when no compressive pressure was applied, whereas it rose by 40.8 % for the 5 psi condition and 19.1 % for the 15 psi condition. If a 10 sec pulse is considered to be the total resistance rise, as is often done in the literature [19, 30] , the total rise in resistance is 7.7 %, 34.1 % and 15.4 % respectively for 0, 5 and 15 psi conditions. Given that the timescale of different physical processes change with cycling (e.g., Ro occurs at different frequencies with pressure and ageing), direct comparison of resistance values from a given pulse length will be limited because the estimated resistance will include contributions from different electrochemical processes.
Change of pressure with Cycling
During cycling, the compressive pressure felt by a pouch cell changes due to expansion and contraction of host materials due to lithium intercalation. Over multiple cycles, binder swelling [31] , viscoelastic creep [23] and irreversible parasitic reaction deposits [32] cause the cell volume to increase. Given the rigidity of the cell housing in battery packs (emulated by the experimental fixture depicted in Figure 1 in this study) the increase in volume leads to an incremental pressure increase as the cell is progressively cycled. The pressure values at the end of every snapshot test are shown in Table 3 and the pressure maps after 150 cycles and 1200 cycles are shown in Figure 7 . The pressure is seen to always increase at the end of cycling, with the highest effective compressive pressure changes after 1200 cycles. After the first 150 cycles, pressure increased by 74% for the 5 psi condition and 49% for the 15 psi condition. After 1200 cycles, the pressure increased by 199% for the 5psi condition but remained homogenous. In contrast, the pressure increase was 130% for the 15 psi condition.
Unlike previous cases, before performing the last snapshot test at 1200 cycles the cells were cycled for 250 cycles (950 to 1200) which might be the origin of the significant pressure increase observed.
The surface pressure was evenly distributed for 5 psi external pressure condition for the entire test duration, see Figure 7 (a) and (c). In contrast, for the 15 psi condition there were two high pressure points across the surface after first 150 cycles, as shown in Figure 7 (b). The peaks persisted over the entire test duration and were found to increase with cycling ( Figure 7 (d) ).
These peaks may be attributed to inhomogeneity in the active material distribution within the electrode due to uneven material pasting on the current collectors at the manufacturing stage, which become prominent after the first 150 cycles. Such inhomogeneity would give rise to localised heating and consequently localised peaks in solid electrolyte interphase film formation, therefore, will increase the pressure peaks with cycling. 
Discussion
When an external pressure is applied to a pouch cell, there are primarily two physical mechanisms, separator creep and wettability of the electrodes, which affect the performance of the cell. When pressure is applied, the separator pores creep [24] , thus the porosity and tortuosity of the separator changes. With applied pressure, the change of porosity and tortuosity is not linear [24] . The ion transport resistance of the separator is directly related to the porosity and tortuosity following Eq. 1 [33] .
where, R is the ion transport resistance through the separator, is the thickness of the separator, is the active separator area, is the porosity, is the tortuosity and is the resistivity of the electrolyte.
In contrast, when pressure is applied, the wettability of the electrodes increases; the penetration of the electrolyte into the porous electrodes increases. Increased wettability leads to better contact between electrode materials and electrolyte, i.e., increased double layer which increases the double layer capacitance and reduces ion-transport resistance [29] . These two mechanisms along with SEI growth due to cycling mainly dominate the degradation of cell performance reported in this study.
Capacity fade with cycling at different pressure
The 1C capacity test results are in agreement with results published by Cannarella et. al. [22] .
In their work, Cannarella et. al. cycled batteries with stack pressures of 7, 72 and 725 psi, and compared the results with no pressure (atmospheric) conditions. They reported higher degradation when 72 and 725 psi pressure was applied, compared to the no additional pressure condition. However, 7 psi showed less degradation than the atmospheric pressure condition.
From the post-mortem analysis of the cells, Cannarella et. al. highlighted reduced SEI growth when 7 psi pressure was applied. Similar results were obtained in the present study, as shown in Figure 5 . Both 5 and 15 psi conditions showed less capacity fade than the case where no additional pressure was applied, which is likely to be due to lower SEI growth. The exact mechanism leading to lower SEI formation when cells are under pressure is currently unknown and beyond the scope of this work, and will be studied in a future study. However, it can be concluded that, applying pressure, up to 15 psi can reduce the capacity fade of the battery; although a future study with a higher number of pressure points will be able to capture this characteristic and identify the optimum pressure to minimise capacity fade.
Impedance raise with cycling at different pressure
In contrast, applied pressure led to the increase of the pure Ohmic resistance of the battery, which has not been reported by any previous published work. Change of resistance is due to change of porosity and tortuosity of the separator and change of wettability of the electrodes.
When pressure is applied, the resistance attributed to the ion transport resistance between electrodes through the separator increases (Eq. 1). Simultaneously, the wettability of the electrodes increases. That is, the penetration of the electrolyte deep into the porous electrodes increases. Increased wettability leads to better contact between electrode materials and electrolyte, leading to a reduction in the pure Ohmic resistance. With the presence of these two opposing mechanisms, pure Ohmic resistance Ro under a 5 psi and 15psi compressive pressure was found to increase.
Separator creep occurs even when small pressures are applied, however, the phenomenon is not linear with pressure [23] . For the cells considered in this study, the change of separator creep and thus ion transport resistance at 15 psi compared to 5 psi may not be significant.
However, the lower Ro increase at 15 psi compared to 5 psi may be due to the fact that wettability of the electrode has increased more at 15 psi than 5psi.
When wettability increases, the double layer area increases, which in-turn increases the double layer capacitance and reduces ion-transport resistance [29] . The smaller semicircle on the Nyquist plot after applying pressure, as shown in Figure 4 , suggests better wettability of the electrodes.
When the cells are cycled, especially in a higher SoC window, gas forms due to side reactions [19, 30] . The pressure rise presented in Table 3 can also, in part, be due to gas formation. Due to the increased pressure with cycling, wettability of the electrodes increases, which, may have compensated for the degradation of double layer capacitance and charge transfer resistance.
Therefore, the semicircle on the Nyquist plot remained unchanged with cycling as shown in Although discussion on degradation mechanisms have been presented, to conclusively assign the observed capacity and power fade to particular mechanisms of degradation requires invasive testing, typically either in situ or post mortem. At present, there are no known in situ measurement techniques which can measure electrochemical mechanisms while cell is being electrically cycled under pressure. Therefore, the evolution of wettability and separator creep cannot be measured directly, rather estimates can only be inferred via heuristic models from cell parameters such as voltage, capacitance, resistance measured during the test.
Conclusion
Six 15 Ah LiNiMnCoO2 and Graphite electrode pouch cells were cycled 1200 times under compressive pressure loads akin to pressure loads existing in automotive packs. Cells were subjected to either, atmospheric, +5psi or +15 psi compressive loads and subsequently cycled with a constant 1C charge and discharge rate between 100% and 50% SoC. Following every test, pulse power tests and electrochemical impedance spectroscopy (EIS) tests at 90 %, 50 % and 20 % SoC.
In agreement with previous studies, we find that capacity fade reduced by 2.2 % and 2.4 % with the application of 5 psi and 15 psi compressive loads respectively. Unlike previous studies, however, this paper also considered the effect of compressive loads on power fade.
The pulse power results show that at every timescale the resistance rise was lowest for atmospheric pressure and highest for 5psi. The average resistance rise (averaged across time scales) was 7.5 %, 39 % and 18 % respectively for 0 psi, 5 psi and 15 psi conditions. This contrast with the capacity fade results. From analysis of the origin of resistance, using EIS, it was found that the pure Ohmic resistance, associated with ion transport resistance of the separator, mainly contributes to this resistance rise. It was also found that, due to a contrasting mechanism, increased pressure with cycling improved the wettability and thus increased the double layer capacitance and reduced ion transfer resistance -which compensates, to some extent, the degradation of double layer due to cycling. This increase of resistance which contrast with capacity fade results, must be carefully considered by engineers in their respected fields of application. This study can contribute to determining the optimal external pressure for a particular cell type and application.
